Solitary waves have consistently captured the imagination of scientists, ranging from fundamental breakthroughs in spectroscopy and metrology enabled by supercontinuum light, to gap solitons for dispersionless slow-light, and discrete spatial solitons in lattices, amongst others. Recent progress in strong-field atomic physics include impressive demonstrations of attosecond pulses and high-harmonic generation via photoionization of free-electrons in gases at extreme intensities of 10 14 W/cm 2 . Here we report the first phase-resolved observations of femtosecond optical solitons in a semiconductor microchip, with multiphoton ionization at picojoule energies and 10 10 W/cm 2 intensities. The dramatic nonlinearity leads to picojoule observations of freeelectron-induced blue-shift at 10 16 cm −3 carrier densities and self-chirped femtosecond soliton acceleration. Furthermore, we evidence the time-gated dynamics of soliton splitting on-chip, and the suppression of soliton recurrence due to fast free-electron dynamics. These observations in the highly dispersive slow-light media reveal a rich set of physics governing ultralow-power nonlinear photon-plasma dynamics.
I. INTRODUCTION
to completely suppress any two-photon absorption (of 1550-nm photons) and has negligible residual effects from band tail absorption [31] . The three-photon GaInP material employed [32] enables the fine balance between the soliton propagation and plasma regimes.
Photo-induced plasmas are characterized by the Keldysh parameter, κ =
Ip 2Up
, where I p is the ionization potential and U p the ponderomotive energy [33] . κ > 1 defines the multiphoton regime, whereas κ < 1 corresponds to a tunneling dominated process. In the experiments presented here κ ≈ 5 -6, well into the multiphoton plasma regime. This is largely due to the four orders of magnitude reduced intensities (10 10 W/cm 2 ) required to ionize the semiconductor media compared to gases (10 14 W/cm 2 ) [1, 17, [19] [20] [21] .
For ultrashort pulse characterization we constructed a 25 fJ phase-sensitive secondharmonic-generation (SHG) FROG apparatus (see Methods). Frequency-resolved optical gating (FROG) [34, 35] or spectral-phase interferometry [36] enables the complete pulse intensity and phase retrieval in both spectral and temporal domains, covering supercontinuum [16] and attosecond [19, 37] pulse regimes. In order to guarantee fidelity of the pulses collected off-chip, our experiments with the cryogenic detectors exclude erbium-doped fiber amplifiers and are externally intensity-attenuated to avoid any modification of the pulse properties.
B. Soliton dynamics in the presence of plasma: acceleration and temporal splitting
First we characterized the pulse evolution in the waveguide with FROG as a function of input pulse energy for a broad array of dispersion and nonlinear properties. We highlight three cases demonstrating the unique aspects of nonlinear pulse evolution. We first focus on the 1546 nm case (n g = 7.2, β 2 = -0.75 ps 2 /mm), near the band edge, which exhibits the greatest diversity of nonlinear pulse dynamics. confirming for the first time the presence of the chip-scale optical soliton with its phase in the highly-dispersive nonlinear media.
Next we examine higher-order soliton evolution near the photonic crystal band edge.
Soliton propagation is determined by two length scales [38] , the nonlinear length L N L = 1/(γ ef f P o ) [with the effective nonlinear parameter γ ef f defined by
2 [31] and P o as the pulse peak power] and the dispersion length L D = T When N =1 in this simple case, the pulse propagates without dispersing as a fundamental soliton due to a precise balance of GVD and SPM. When N >1 in the simple case, the higher-order solitary pulse evolves recurrently by first compressing, then splitting temporally before regaining its initial shape after a soliton period
In contrast to these simple dynamics, in our semiconductor media the soliton propagation dynamics are governed by a complex nonlinear regime involving an intrapulse non-adiabatic free-carrier plasma (with absorptive and dispersive terms) generated from three-photon absorption, giving rise to the composite temporal and spectral features in the 2D spectrograms of Figure 2 .
To discern the roles of each of these effects, we model the pulse propagation with a nonlinear Schrödinger equation (NLSE) [39] that captures the underlying perturbed Bloch lattice with an envelope function, including dispersive slow light, free-carrier dynamics (density N c ), three-photon absorption, and higher-order effects. The full model employed here (detailed in the Methods) contrasts with the simple integrable NLSE which neglects losses, gain, and any higher-order dispersion. Importantly, free-electrons exhibit distinct ionization and loss dynamics in the two plasma (multiphoton versus tunneling) regimes. Here in the multiphoton regime the free-electron absorption is proportional to N c , whereas in the tunneling regime (not present here), loss is proportional to the ionization rate dN c /dt [21, 40] .
These dynamics are included in the model. The high-sensitivity FROG captures the exact pulse shape and phase of the input pulses, which subsequently serves as the initial launch pulse conditions into the NLSE. with no free parameters, we observe a strong agreement between the femtojoule-resolution measurements and the NLSE model across the diverse array of pulse energies and center frequencies.
Examining further the soliton temporal dynamics, we illustrate both the FROG and NLSE at 1546 nm and 1533.5 nm for varying pulse energies in Fig. 3(a) . As we increase the pulse energy, the center of the pulse, defined by the first-order moment, forward shifts from 0 ps to -1. and therefore generated free-electrons. These effects clearly arise from the non-adiabatic generation of a carrier plasma within the soliton itself. We additionally confirmed that third-order dispersion is negligible (not pictured here) in this regime by comparing it on and off in the model, indicating the acceleration is due completely to the generated plasma.
The suppressed third-order-dispersion model further indicates the residual temporal shift is due to a small initial chirp in the pulses. This is in stark contrast with above-bandgap carrier-injection derived from adiabatic processes that shift the bands themselves (see Supplementary Information) [41, 42] .
Next we tune the soliton frequencies further away from the band edge, with an example 1533.5 nm case (n g = 5.4, β 2 = -0.49 ps 2 /mm) shown in Fig. 3(c) . Though the input pulses are nearly identical, the pulse evolution is distinct due to a reduced dispersion and faster group velocity, and therefore weaker nonlinear and free-carrier plasma effects, compared to the 1546 nm case. Full phase retrieval of the 2D spectrograms at 1533.5 nm, similar to of the pulse symmetry without temporal shifts, illustrating the sizable contribution of the multiphoton plasma to the nonlinear dynamics. Though the temporal shape is symmetric, the higher-order periodic evolution is suppressed in this case due to three-photon absorption lowering soliton number N < 1. Indeed here three-photon absorption is the ultimate limit to loss in the multiphoton regime, in contrast to carrier generation dominating in the tunneling regime. The strong contrast of panel (d) with the other panels demonstrates the suppression of periodic recurrence in the presence of free-carrier dynamics. We note that materials with large two-photon absorption such as silicon cannot exhibit these dynamics at similar wavelengths and across the full range of pulse energies.
D. Temporal compression in multiphoton plasma materials
In soliton pulse compression schemes, it is important to consider the point of optimal temporal narrowing, z opt . Fig. 5 (a) highlights the ratio of optimal length z opt to soliton period z 0 versus soliton number N in GaInP computed via NLSE. The results include the slow-light modified Kerr, three-photon and free-carriers, and can be cast by the following fitted relation:
In the experimental case of 1546 nm maximum compression was achieved at N = 2.4, corresponding to z opt /z 0 ≈ 0.37. This yields an estimate of z opt of 1.37 mm, in solid agreement with the effective sample length of L ef f of 1.35 mm at this wavelength. To discern the role of the nonlinear effects n 2ef f and α 3ef f in the compression dynamics, we investigate a 50% larger α 3ef f (same base n 2ef f ) and n 2ef f (same base α 3ef f ), indicated by the lines above and below the experimental case, respectively. As shown, a larger effective n 2ef f (α 3ef f ) causes the z opt /z 0 vs. N curve to move downwards (upwards), e.g. decreasing (increasing) the length scale of compression, and indicating that desired compression effects can be achieved at lower (higher) intensities. Thus different effective nonlinearities will have different scalings due to enhanced or suppressed compression dynamics. For soliton compression in semiconductor media it is clearly important to consider the balance between Kerr and nonlinear absorption.
We next carried out measurements to determine the minimum pulse duration for twelve different wavelengths, mapping the dispersion conditions across a broad range of slow group velocity regions. 
METHODS Experimental pulse characterization
In the soliton measurements, we employed a mode-locked fiber laser (PolarOnyx) delivering nearly transform-limited 2.3 ps pulses at a 39 MHz repetition rate. The source is tunable from 1533.5 to 1568 nm. We characterized the input pulses with the FROG, experimentally verifying that the time-bandwidth product approaches the Fourier-limit of hyperbolic secant pulses (∆λ∆ν= 0.315) within 5%. The power input into the photonic crystal waveguide is attenuated with a polarizer and half-wave plate, thereby preventing misalignment and undesirable modification of the pulse shape. Importantly, the pulses collected from the end facet of the photonic crystal waveguide were input directly into the FROG to guarantee accurate measurement of the pulse, e.g. no amplification stage. 
Nonlinear Schrödinger equation (NLSE) model
The NLSE model is described by [39] :
This includes third-order dispersion β 3 , linear propagation loss α, effective slow-light threephoton nonlinear absorption α 3ef f [31] , effective nonlinear parameter γ ef f , and generated carrier density N c with associated free-carrier dispersion δ and absorption σ. phase-shift technique [47] and calculations used to compute the dispersion and modal area (dashed red) [28] . Inset: Group velocity dispersion (left axis) and third order dispersion (right axis) derived from first-principle band structure computational comparison to dispersion measurements. 
SUPPLEMENTARY INFORMATION Linear properties of the photonic crystal waveguide
The transmission of the 1.5-mm photonic crystal (PhC) waveguide is illustrated in Fig.   S1 (a). Total insertion loss (before and after coupling optics) is estimated to be 13 dB at 1530 nm (group index n g = 5), including 10 dB attributable to the coupling optics, and 1 dB propagation loss at this wavelength. Carefully designed integrated mode-adapters reduce waveguide coupling losses to 2 dB (insertion) and suppress Fabry-Perot oscillations from facet reflections as shown in the inset of Fig. S1(a) [27] . The linear loss is α = 10 dB/cm at 1540 nm, scaled linearly with n g [6, 30] . The small feature at 1530 nm is the onset of the higher-order waveguide mode coupling. The energy coupled into the PhC is estimated by assuming symmetric coupling loss (input and output) except for a factor accounting of mode mismatch on the input side (lens to waveguide) that we do not have at the output since P out
is measured with a free space power meter. This enables us to calculate the factor between the measured average power at input (output) and the value of the average power at the beginning (end) of the waveguide. Pulse energy is obtained by dividing by the repetition ratio. As noted in the main body, a slight dip is present in the group index at ∼ 1545 nm, implying a small deviation in the local dispersion β 2 . This gives rise the the spreading near N =2.5 in Fig. 5 (b) corresponding to that wavelength region.
Frequency-resolved optical gating (FROG) pulse Fig. S1(b) shows the frequency-resolved optical gating (FROG) setup used in the experiments. With the FROG technique, one is able to completely characterize the pulse, including intensity and phase information in both the spectral and temporal domains. We employed a second-harmonic FROG (SHG FROG) technique detailed in the Methods. The equation governing the second-harmonic generation SHG-FROG is:
where I F ROG (ω, τ ) is the measured pulse, E(t) is the electric field and e −iωt the phase. The spectrograms are processed numerically to retrieve the pulse information [34] . Fig. S2(a) compares the experimental and retrieved spectrograms of typical input pulse measured by demonstrating soliton re-shaping of our experimental pulses.
Pulse acceleration in a multiphoton plasma
The mechanism accelerating the pulse is a non-adiabatic generation of a free-carrier plasma via multiphoton absorption within the pulse inducing a blue frequency chirp. Fig.   S6 (a) shows a schematic of the self-induced free-carrier blue-shift and resulting acceleration of the pulse. The regions of largest plasma generation occur at the waveguide input as well as at points of maximum compression as shown in Fig. 3 of the main text. Moreover, we note that the dispersion bands themselves do not shift at our 10-pJ 1550-nm pulse energies, in contrast to other reports with Ti:sapphire pump-probe and carrier injection with aboveband-gap 1 to 100 nJ pulse energies at ∼ 800-nm [41, 42] . Such a scenario, presented in Fig.   S6 (b), would only cause the light to shift slower group velocities, as has been shown in Ref.
[42]. Furthermore, this mechanism is not a deceleration, but rather a frequency conversion method to change the pulse central wavelength to a frequency with different propagation properties. 
